Objective-To assess the differential effects of low dose (5 mg) and high dose (20 mg) lisinopril treatment on cardiovascular hormones, renal function, and blood pressure over 24 hours in patients with heart failure. Design-Double-blind crossover study. Setting-Department of Clinical Pharmacology, Ninewells Hospital and Medical School, Dundee. Patients-19 patients with chronic heart failure and left ventricular ejection fraction < 45%. Results-Plasma concentrations of aldosterone and endothelin were lower on the 20 mg dose (plasma aldosterone mean at peak drug effect: 90 7 v 152-0 pglml, P < 0-001; mean at trough effect: 124-7 v 1744 pglml, P < 001; plasma endothelin at trough effect 4'70 v 6 04 pmol/, P = 0.03). Creatinine clearance was lower on 20 mg lisinopril (68.7 v 82-1 mllmin, P < 0.05). The area under the curve for diastolic blood pressure over 24 hours was significantly lower on 20 mg (mean difference 3-0 mmHg, P = 0.04); for systolic blood pressure there was a similar trend (mean difference 5-7 mmHg, P = 0.05).
The role of angiotensin-converting enzyme (ACE) inhibitors in the treatment of heart failure is well-established but the optimal dose is unknown. Each of the large studies that showed improved survival with ACE inhibitors in heart failure used relatively high doses of enalapril: in CONSENSUS the mean dose was 18-4 mg,I in VeHFT II it was 15 mg,2 and in the SOLVD treatment limb it was 16-6 mg.3 Often the doses of ACE inhibitors prescribed for patients with heart failure in clinical practice are much lower, although there is little evidence to suggest that these low doses are effective. 4 The effects of low dose (5 mg once a day) and high dose (35 mg once a day) lisinopril on mortality in over 3000 patients with severe heart failure will be determined by the international ATLAS trial which is due to be completed in 1997.
It is evident from heart failure research that the hormonal response to drug treatment is a major determinant of its efficacy. ACE inhibitors have a range of hormonal effects in addition to inhibiting the conversion of angiotensin I to angiotensin II; ACE itself is a non-specific enzyme with several substrates, including bradykinin-a peptide with a range of cardiovascular and renal effects. ACE inhibitors may therefore increase the activity of bradykinin5 and may also indirectly affect the turnover of other vasoactive peptides, such as the endothelins that are released from endothelial cells in response to angiotensin II. 6 The haemodynamic effects of ACE inhibitors may also influence the release of the cardiac natriuretic peptides, atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP).7 Recent studies have shown that raised plasma concentrations of these peptides are important adverse prognostic indicators in patients with ischaemic heart disease,89 suggesting that a reduction in their secretion rates from the heart with treatment may predict a long-term benefit.
Though it is likely that these diverse hormonal effects of ACE inhibitors, and their biological consequences, will have different dose-response relations, there are few data available on the dose-related effects of ACE inhibitors. In this study we compared directly the effects of two doses of an ACE inhibitor, lisinopril, in a crossover trial in patients with heart failure who were already on long-term ACE inhibitor treatment. The doses used (5 mg once a day and 20 mg once a day) were chosen to represent the bottom end and the top end of the usual therapeutic range in heart failure. Furthermore in this study we measured blood pressure and plasma and urine electrolyte and hormonal concentrations over Patients and methods We performed a double blind, randomised, crossover study to compare the effects of low dose and high dose lisinopril in patients with heart failure over a 24 hour period. The study protocol was approved by the local committee on medical research ethics. Twenty one patients with symptomatic heart failure secondary to ischaemic heart disease (NYHA class II-III) and left ventricular ejection fraction (LVEF) < 45% were recruited. All patients gave informed consent to participate in the study. Two patients were unable to complete the study protocol for personal reasons and were therefore excluded from the efficacy analyses. All patients had been treated with a diuretic and ACE inhibitor for at least one month before the study. LVEF was measured by radionuclide ventriculography within three months of the study.
During a two week run-in period all patients were treated with lisinopril 10 mg once a day in place of their usual ACE inhibitor medication and in combination with their usual diuretic treatment. After two weeks, patients were randomised to change their dose of lisinopril to either 5 mg once a day or 20 mg once a day in addition to their usual dose of diuretic (fig 1) . This new dose lasted for two weeks; on the final day of the two week period on this treatment the patients were admitted to the research unit to be studied over 24 hours. After a clinical assessment the dose of lisinopril was given under supervision with all concomitant medication. Blood sampling and measurements of heart rate and blood pressure were made at regular intervals throughout the 24 hours (fig 1) . All urine passed during the study period was collected for analysis of creatinine, electrolytes, and ANP concentration. Urine collections from three patients were incomplete and all urine results from these patients were excluded from the analysis.
After this study period, patients took 10 mg lisinopril once a day in addition to all usual medication for two weeks, after which they received another two weeks of treatment with either lisinopril 5 mg once a day or 20 mg once a day according to the randomisation plan. On Blood pressure measurements and all blood samples were taken after 30 minutes supine bed rest. Throughout the rest of the study period the patients were free to walk around; mealtimes and bedtimes were standardised as shown in figure 1. Blood pressure was measured with a semi-automated sphygmomanometer (Dinamap) placed around the left arm. All of the measurements and laboratory analyses were performed by individuals who were blinded to the treatment.
NATRIURETIC PEPTIDE ASSAYS
Venous blood was taken into chilled tubes containing EDTA and aprotinin (Trasylol, Bayer, 4000 kallikrein inactivation units per tube). Plasma was separated immediately and stored at -70°C until the measurement of ANP-like immunoreactivity (ANP-li) and BNP-li. Each peptide was measured in all of the samples from a patient in a single assay run. Plasma was applied to C8 solid phase extraction columns which had been pretreated with 4 ml methanol, 4 ml distilled water, and 4 ml 1% trifluoroacetic acid. The columns were washed with 9 ml of 1 % trifluoroacetic acid and samples were eluted with 4 ml of 95% methanol and 1% trifluoroacetic acid. Samples were dried and the radioimmunoassay was performed with commercial kits supplied by Peninsula: ANP 1-28 (human, canine) and BNP 32 (human). Recovery of added peptides was 88% for ANP and 86% for BNP. The coefficients of variability for each assay were: ANP inter-assay = 11 8%, intraassay = 12-6%; BNP inter-assay = 14-8%, intra-assay = 9 9%. Urinary ANP was measured, without any prior extraction procedure, by radioimmunoassay.
ENDOTHELIN ASSAYS
Samples were taken and stored as described above for the natriuretic peptide assays. Plasma immunoreactive endothelin was measured by radioimmunoassay as described previously.10 The recovery of added endothelin was 84%. Intra and inter assay coefficients of variability were 2'4% and 4-25 respectively. was significantly lower during the high-dose phase than during the low-dose phase (P = 0 04). There was no significant difference in heart rate between doses.
PLASMA /URINARY ELECTROLYTES AND CREATININE CLEARANCE
Creatinine clearance was significantly lower on the 20 mg dose than on the 5 mg dose (fig 3) . There were no significant differences between plasma and urinary electrolyte concentrations between doses (table 2). Plasma aldosterone concentrations were significantly lower on the 20 mg dose than on the 5 mg dose (fig 4) . Mean at peak effect 90 7 v 152-0 pg/ml, P < 0 001; mean at trough effect 124-7 v 174-4 pg/ml, P < 0 01. For the area under the curve, the difference between the treatment means (5 mg dose minus 20 mg dose) was 44-0 (95% CI 24-0 to 63 9) pg/ml (P < 0.001). Plasma ACE activity was significantly lower on high-dose than on low-dose lisinopril (table  3) . There was a non-significant trend towards lower ACE activity on both doses of lisinopril in patients with the II genotype than in patients with either the ID or DD genotype. 
Discussion
The results of this study demonstrate significant dose-related effects of lisinopril within the usual therapeutic range in patients with chronic heart failure. It is important to note that because all of the patients were established on ACE inhibitor treatment for at least one month before the study, they had all received a minimum of six weeks treatment before the first study day. In fact, as figure 1 shows, most patients had been treated with ACE inhibitors for considerably longer periods; the results therefore represent the response to chronic ACE inhibition. As expected, the higher dose of lisinopril caused a greater degree of inhibition of ACE than the lower dose. There was no evidence of a large difference in the dose-response relation for any of the variables measured between the three groups of insertion/deletion polymorphisms of the ACE gene, but this study was not designed to detect such a difference and the numbers of patients with each of the three genotypes were small. The superior suppression of aldosterone produced by the higher dose of lisinopril is striking. The early morning rise in plasma aldosterone which was seen on both doses of lisinopril occurred before the patients got out of bed. It is uncertain whether this was due primarily to the diurnal pattern of adrenocorticotrophic hormone (ACTH) release or due to reduced drug effect at this time; the large difference in early morning aldosterone concentrations between the two doses suggests an important drug effect, but even on the higher dose the suppression of aldosterone was not sustained over the 24 hour period. The importance of aldosterone in heart failure is that it has been shown experimentally to cause a wide range of potentially detrimental effects. These include increased potassium and magnesium excretion (which may promote arrhythmias),'4 impairment of baroreceptor function,'5 and stimulation of myocardial fibrosis. '6 We found that during long-term treatment with an ACE inhibitor suppression of aldosterone can be improved by increasing the dose of the ACE inhibitor but this suppression was incomplete, especially in the early morning. Further suppression of plasma aldosterone may be achieved by using even higher doses of an ACE inhibitor, nocturnal dosing with an ACE inhibitor, the addition of a receptor antagonist, or a combination of these approaches.
The role of the endothelins in the pathophysiology of cardiovascular disease is not clearly established. It is known that the plasma concentrations of these peptides are increased in heart failure'7 and the concomitant increase in plasma concentrations of big endothelin-1 is consistent with increased production of endothelins in heart failure.'8 It has recently been reported that blockade of endothelin receptors causes vasodilatation in patients with heart failure,'9 which suggests that endothelin contributes to the increase in vascular tone associated with this condition. Previously there have been conflicting reports of the effects of short-term ACE inhibition on plasma endothelin in experimental and clinical heart failure20 21; the data from the current study provide the first evidence that endothelin concentrations can be suppressed more by high dose than by low strengthened by our observation that the higher dose of lisinopril reduced endothelin concentrations despite a fall in creatinine clearance, suggesting that reduced secretion of endothelins, rather than increased renal clearance, was reponsible for the effect. ACE inhibitors may reduce the secretion of endothelin by reducing the concentration of angiotensin II, a potent stimulant for endothelin release,22 or by increasing bradykinin activity, resulting in increased production of nitric oxide, an inhibitor of endothelin release. 23 On the basis of current knowledge it is uncertain whether the observed difference in endothelin concentrations is of clinical relevance, but it suggests an intriguing alternative mechanism for some of the beneficial effects of ACE inhibitors.
The observed differences in blood pressure between the two doses of lisinopril are small overall, but six hours after dosing (that is, peak drug effect) the mean systolic blood pressure was about 10 mm Hg lower and the mean diastolic blood pressure was about 4 mm Hg lower on high dose than on low dose lisinopril (fig 2) . Though most patients had very little change in creatinine clearance between doses, in some patients it dropped considerably on the higher dose. This was not associated with a rise in serum creatinine during the two weeks of the study, but it is possible that such alterations in renal function might be detrimental in the long term.
The similar plasma concentrations of atrial and B-type natriuretic peptide on each dose are surprising in view of the described differences in blood pressure. It seems likely that the reduction in afterload produced by the higher dose would result in a reduced secretion of these peptides from the myocardium, a process that is thought to depend mainly on cardiac stretch.24 Previous studies have reported a reduction in natriuretic peptide concentrations during acute ACE inhibition in heart failure7 but other investigators showed that the relation between plasma ANP concentrations and pulmonary capillary wedge pressure is weakened during ACE inhibition,25 a phenomenon which has not been fully explained. It is likely that in the present study any favourable cardiac effect of high dose lisinopril is offset by reduced renal clearance of ANP and BNP, due to reduced renal blood flow. This explanation is supported by the lower urinary concentrations of ANP on high dose than on low dose lisinopril.
In conclusion, suppression of plasma aldosterone and endothelin concentrations was greater on the 20 mg dose of lisinopril than on the 5 mg dose, but the observed falls in creatinine clearance associated with the higher dose may outweigh these beneficial effects in clinical practice. The issue of the optimal dose of ACE inhibitor should be settled by the results of the ATLAS (Assessment of Treatment with Lisinopril and Survival) trial which will ultimately provide data on clinical endpoints. In the meantime it is essential that renal function is monitored as the dose of ACE inhibitor is titrated upwards in patients with heart failure.
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